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THE HEAT THANSJER TO A PLATE IN FLOV: AT HIGH SPEED 



By E. Eckert and 0. Drewitz 
SUMMARY 



The heat transfer in tho laminar houndriry layer of 

a heated plate in flow at high speed can he obtained by 
integration of the conventional differential equations 
of the ho-undary layer, so long as the' material values 
can he regarded as consta.nt. This-premise is fairly well 
satisfied at speeds up to about twice the sonic speed and 
at not excessive temperature rise of the heated plate* 
Tho general solution of tho equation includes Pohlhausen's 
specific cases of heat transfer to a plate at low speeds 
and of the plate thermometer. The solution shows that 
the heat transfer coefficient at high speed must be com- 
puted with the same equation as at low speed, when it is 
referred to the difference of the wall temperature of the 
heated plate in respect to its "natural temperature.," 
Since this fact follows from the linear structure of the 
differential equation describing the temperature field, 
it is equally aijplicable to the heat transfer in the 
turbulent boundary layer. 



INTRODUCTION 



The development of skin radiators and the utilization 
of hjat against icing, together v/ith the necessity of seal- 
ing the pressure cabins of s tratONsphere aircraft against 
lovr outside temperature, have introduced increasing in- 
terest in heat transfer problems. English tests, as well 
as thoso by Seibert (reference 1) have indicated that the 
heat transfer to wing profiles can be quite accurately 
predicted from that of the flow along a flat plate. Even 
the heat transfer to an airplane fuselage can be simplified 
to that along the flat plate. Our knowledge on heat trans- 
fer past a plate extends, it is true, only to low airspeeds. 



"Dor Wirmetlbergang an eine mit grosser G-o schwindi gkc i t 
langa angostrCmte Platte. Jorschung, vol. 11, no. 3, May- 
June, 1940, pp. 116-124. 
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And the cited measurements on wing profiles themselves 
were made only at airspeeds from 20 to 60 meters per sec- 
ond. An application of the test data to speeds reached 
hy modern high-speed aircraft involves two/ difficulties. 
First, the compressibility of air must "be considered at 
such speeds; second, the heat introduced in the boundary 
layer by internal friction reaches values far from neg- 
ligible. The effect of these phenomena on the heat trans 
fer to the flat plate will be analyzed in the present 
report . 

Heat transfer i n the laminar boundary layer. - St a r t- 
ing with the heat transfer in the boundary layer to a 
plate in longitudinal flow, the plate is regarded as 
infinite perpendicular to the direction of flow. Fixing, 
in this flow, a coordinate system with the x axis in 
the plane of the plate placed in stream direction and the 
y axis perpendicular to the plate, the differential equa 
tions of the boundary layer read: 




where 

u velocity component in x direction 
v velocity component in y direction 
T temperature 
P air density 
T] viscosity 



X thermal conductance 
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Cp specific heat per unit weight at constant pressure 
g gravitational acceleration 

The equations are expressed in the engineering system of 
units, g cancels out in the physical system, 'because in 
the latter the specific heat is referred to unit mass** 
Outside of the boundary layer the speed is to have the 
constant magnitude Uq > at the plate itself it is zero. 
Prandtl's hypothesis of small boundary layer thickness 
v/hich leads to the above differential equations, shows 
that the pre s^sure_J.n the boundary layer of the flat plate 
and hence in the entire field' of flov/ is constant. The 
material quantities, therefore, depend only on the temper- 
ature, that is, for air the density varies, according to 
the gas equation, inversely proportional to the absolute 
temperature, the viscosity and the thermal conductance 
about proportional to the 0,75 power of the absolute tem- 
perciture, while the specific heat remains practically un- 
changed. The greatest temperature differences that can 
occur as a result of the interanl friction in air (and in 
any substance where Prandtl number is less than unity), are 
of the order of t he- adi abat i c temperature rise Ug^/SgCp. 

At sonic speed expressed with ag = -/"g -1 ) Cp T, the 

ag3 K-l 

adiabatic temperature rise is AT = = T and 

2 g Cp 2 

hence the relat tion of density in the boundary 

Ap AT "^-l 

la;;'er due to the temperature accumulation — = — = 

p T 2 

for air with an adiabatic exponent K= 1.4, is therefore! 
= 20 percent. At airspeeds up to velocity of sound 

P 

the mr.terial values therefore do not vary very mu^ch, hence 
may be regarded as constant, provided that the impressed 
temperature difference of the plate relative to rjas in 
undisturbed flov; is not excessive. Busfl«Eiann and "'..n Karuan** 
have solved the friction and temperature conditions in the 
laminar boundary layer of a plate for the specific case, of 
flowing gas having the Prandtl number Pr = 1 , where the 
variation of the material values is considered. The calcu- 
lations indicate in agreement v;ith the previous estimation 

*In equation (3) and those follov;ing, the mechanical equiva- 
lent of hent A is omitted, since it is superfluous by 
dimens i onle s s presentation of the formulas; it merely requires 
that the equation 1 kcal = 427 mkg is applicable. 
**See references 2 and 3. 
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that the effect of the variable material Talues does not 
hecoi^ie perceptible except at great Mach numbers (greater 
than 2), Limited to Mach numbers smaller or only a little 
greater than unity, the differential equations r ead 

+ — = 0 (1« ) 

ox oy 



Su ^ Su S u / „ , \ 

ox by 0^ 

\;h er e 

V = n/p kinematic viscosity 

^ . signifies the t e.m^'jcr atur e increase relative to 

the value in undisturbed air stream 

On introducing the stream function u = •— - v = — ■ — J 

\ oy bx/ 

eauation (l') is fulfilled. Sq^uation (2') reduces, accord— 
i 

ing -GO Blasius (reference 4) v;ith the variables I = 4 v /~ 

2 " / 

and ^ = to t ne conventional differential ea^uation 

uq X 

d t ■ £ d t 
d|° d^^ 

for '.'hich the limit :n£ conditions are; U|_q~0 and 

u 0 d t 

U|_jj=U|j, Since, u = -g- ^ ^ according to the above, 



{ mr ) =0 and (•— t J = 2. This solution iras given 



'1=0 V^^/|=* 
by Bias itis . 
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Introducing the new varialiles and inserting the Prandtl 
number Pr =^ "n c-q g/X , ecLuation (.3') transforms, according 
to Pohlhausen (reference 5), to 



dr dl 2 2gc^ Vr^ 



(5) 



This is a linear inhomageneous dif f er ent iajl. equation for 
solvinr: the increase of teraperature In it t is a 

function of t knovn through the solution of equation (4), 
the other quantities are constant. By introducing a new 
unknov.'n for d*/d| it can be reduced to a differential 
equation of the first order. 

dhe solution of the related homogeneous differential 
equation 

d"^*! , d*, 

^ . Pr £ --i = 0 (6) 

shov/s after int e^rr at i on 

p -Pr / Ul ,t 
Ci H- j e , o (7) 

0 

Physica.lly, the postinf- of the clisturhing term f (I ) equal 
to Kcro in equation (5) si/^nifies that the heat introduced 
by internal friction in neglected in the solution of the 
t oiiioer atur o field. Shis is admissible at low speeds, be- 
cause the speed Uq enters squared in f (I). 

On these premises toraporatvLre differences in the flow 
are formed only vrhen the plate is heated and dissipates hoat 

on the gas and conversely withdraws heat from the gas bj- 
cooling. I'Tith. T^^ signifying oho plate temperature and 

Tq the s'as temperature in undi/turbed flow, the limiting 
conditions' i.e., to vhich the solution of the differential 
equiation must oe fitted, read: 

l.c.l. 4i(0) = - ^o5 I'.c.2. = 0 



ft 
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The constants Ci and O3 are o"btained from the 
general solution (7) hy entering the limiting conditions. 
Thus 

I t 
r n -Pr / dl 

= iT^ - T^) [1 - J e ° df 

o 



(8) 



00 



in which 



^= I e~^^^^^^^ dt - that is, a function of 



the Prandtl number. 



This solution is identical with that given in a 
slightly different form hy Pohlhausen " (reference 5). 



Equation (8) is evaluated in figure 8; 
the temperature field for different Pr at 



vf>l oc it ie s 



At the wall, 



u = 0 



= 0, according to equation 



and 
(3'). 



V 



= 0 
The 



it indicates 
small flow 
hence 

curves "begin 



with infinitely small tsurvature at 1=0; they then de- 
flect quite sharply in the horizontal asymptote. The 
field of velocity itself is readily apparent. Suhstitut- 

ing the unknown = 2 I 1 - ) for *i in equa- 

^ ^w ~ ^0 

tion (6) does not alter the form of the equation, but the 
limiting conditions for read; ^ ' ( O) = 0 and 

^i(oo) = 2, Then the same differential equation (4) or (6) 
and the same limiting conditions are applicable to d^/dl 
and at Pr = 1. Both functions of | must therefore 

£i 

d| '■o 
The lines in figure 1 for Pr = 1 therefore indicate, at 
the same time, the velocity profile for all Pr. The 
thickness ratio of the frictional boundary layer to the 
thermal boundary layer is therefore also immediately 
obtainable from the graph. Por an oil v/ith a Pr = 1000, 
for instance, the line Pr = 1000 indicates the extent of 
the thermic boundary layer; the line Pr = 1, the extent 
of the frictional boundary layer. The latter extends for 
this oil ten times as far into the fluid as the former. 



bo identical: 



It follows that 1 - 



T„ - T, 



u 
u« 



The amount of heat given off by the plate per unit 
aroa per unit time at point x is 
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v/here a is tho coefficient of heat transfer. Then the 
Niisselt number is- 



Nu = ^ 



Re is the Ecynolds. number formed with the distance from 
tho plate front edge. According to Pohlhausen (reference 

5) a = 0.664 is a good approximation, which holds up 

to Pr = 1000 according to Ten Bosch (reference 6), The 
formula for the heat transfer coefficient herewith becomes 




Uu = 0. 3 32 -/Re' ^/pr' (10) 

Integration with respect to the plate length affords 
the total heat removal from start of plate to point x' 

X 

q = y q. dx = X 
o 

and the Nusselt number formed with tho. mean heat transfer 
coefficient from beginning of plate to point x 

Num = — - — = a VEe = 0.664 Vse Jpt (11) 
A 

The heat transfer in the laminar boundary layer at 
hifih speed .- The general solution of the inhomogeneous 
differential equation (5) is obtained with the solution 
(equation (7)) of the homogeneous equation by "variation 
of the constants." It reads: 
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2 g c. 



The torap^r p tur e field at heat transfer to the plate 
with great flow velocitips follows by appropriate choice 
of limiting conditions. G-iven the wall temperature 
an^'' the teuperature in undisturbed flow Tq, they read: 

l.c.l *(0) = T^^- TqJ I.e. 2 flC") = 0 

The related solution reads: 



i 



A tdl 



-Pr r te.i 



5? g c G ^/ 



-Pr r id 



Pr 
2 



j1 jA-^-^j ' '-'iV 



wher p 



= 1-/ 



r -Pr/ td^ r/d^t 



2 f- \ 2 



Pr/o td| 



dl 



(13) 



The heat removal of the plate at point x per unit 
surface is 



2V vx Vd I / 



NACA Technical Memorandum No. 1045 



9 



Equations (13) and (14) can "be transformed if the gas 
temperature In undisturbed flow is replaced by the temper- 
ature that the unheated wall assumes in the gas stream. 
This is henceforth termed "natural temperature" Tg. 
Since, in this instance, the wall neither absorbs nor dif- 
fuses heatf the temperature field is 



performing this operation with equation (13) gives the 
temperature field at the unheated wall 



(15) 



whore again* 

1 



The increase of temperature assumed by the wall follows 
from (15) for 1=0 



*e = = — : ^ ^^^5 

2 e c ' 

J ^ p 

V/ith it the natural temperature of the wall itself is 

known: T = Tq + *a' Tlie quantity — — : ^® 

^0^/2 g Cp 

read from figure 2. 

In the range of Prandtl numbers (Pr = 0,5 to 2)y 

* ^rr^ = yPr is a v.ery good ap- 

proximate. Prom figure 3, wherein the adiabatic tempera- 

Uq3 

ture rise • is shown plotted against the speed u„ , 

2 g 



♦This equation also agrees with the solution given by 
Pohlhausen for the plate thermometer. 
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the value itself can te formed without further calcula- 
tion. Several experi>35ent s with air were made for pre- 
dicting the natural temperature Te« The recorded values 
are in good agreement with those to he marked off in fig- 
ure 2. Figure 4 shows the temperature field in the bound- 
ary layer at an unheated wall for different Pr&ndtl num- 
bers. Since the temperature rise at the v/all, according 
to figure 2, becomes so much greater for a given speed as 
the Prandtl number is greater, hence reaches especially 
great values for oils (in the lubricating film, for in- 
stance) (a case in point being that treated by G. Vogel- 
pohl, in 01 u, Kohle, vol. 14, 1938, p. 996), equation 
(15) was evaluated up to Pr = 1000. 

Subsequent to the introduction of Tg in equation 
(13) conformably to equation (16), the temperature field 
of the heated plate can be written in the form 

r I -Pr/^ il -1 

*(t) = (Tw - Te) I 1 - a/ e ^ dtj + 

The first summand represents the temperature field *i(^) 
resulting at an increase of plate- temperature - Tq 

in the absence of frictional heat; the second summand in- 
dicates the temperature rise ^sii) cLue to heat of friction. 
The temperature field therefore represents the superposi- 
tion of the two separate fields, as is evident from the 
linear construction of equation 3. In figure 5 the temper*- 
ature fields generated in this manner are shown for a 
Prandtl number of Pr = 0,7, Air, according to the most 
recent measurements (reference 7) has a Prandtl number of 
Pr = 0,715; the temperature fields reproduced in figure 5 
are therefore sufficiently exact for this gas. The ordi- 
nate scale at the right, from which the increases of tem- 
perature for an airspeed of 200 meters per second can be 
read direct, affords a concept of the occurring speeds. 
The bracketed numerical values give the temperature differ- 
ences - Tq for the same airspeed. The heat given off 
by the plate is equal to zero according to (14) and (16) 

T - T 

for the line with the parameter — !S = 1, for the two 

T - T * ^ m 

temperature fields -——r = 2 and ^ ~ = 0, equally 
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great with the difference that in the second case the 
heat flow is directed toward the plate. 

With the introduction of Tg the transfer of heat 
from the wall to the gas (equation (14)) assumes the 
form 



and the nondimens i onal local heat transfer coefficient, 
when referred, according to 

q = a(T^ - Te) (19) 

to the difference "between wall and natural temperature, 
follows at 

Nu = != - JWq = 0. 332 /¥e -/Pr (20) 

X 2 

The lJusselt number formed with the mean heat transfer from 
beginning of plate to point x is 

am X 3 

NUjjj = = a jRe = 0.664 VRe^Pr (21) 

The heat transfer factors defined according to equation 
(19) therefore follow the same relations as at small flow 
velocities. The natural temperature required for calculat 
ing the heat flow q can he taken from figure 2. 

Also of interest in many instancs is the amount of 
heat produced by internal friction. The frictional heat 
developed per unit volume is given by the term 

/BuNs , • 

^ P Vg^y °^ equation (3'). From it follows the heat 

generated at point x in the total boundary layer by in- 
tegration with respect to y at 




Id 



dt yields 2.018. How it 
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is a simple matter to predict the temperature the wall 
must hare in order that the total frictio-nal heat flows 
onto the plate» It merely remains that eq^uations ( 18 ) 
and (22) he equated. The resultant temperature field is 
shown as curve a in figure 5» 

Recheck of the derived formulas for Fr = 1 . 
Busemann and Von Karman had computed, for a gas with a 
Prandtl numher Pr = 1 , the velocity profile with allow- 
ance for the variation of the material values. Now the 
reliability of the earlier assumption of constant material 
values for the calculation of the heat transfer is to he 
checked v/ith the rsults of the present study, Betw'een the 
velocity u in the boundary layer of a gas with a 
Prandtl number Pr = 1 and the absolute temperature T 
at the same point, there exists the relation (reference 2) 

w 1^-^ w -^0 

(T^,, plate temperature; T^ , Uq , temperature and speed in 
undisturbed gas flow outside the boundary layer). The 
unheated plate is characterized by the fact that the tem- 
perature gradient at the wall is equal to zero: ST/Sy = 0, 
But, since the value of 5u/c)y at the wall is certainly 
different from zero and the speed at the wall is zero, it 
implies -chat the bracketed term in equation (23) must be- 
come zero. The plate temperature in this ins t anc e — that 
is, the natural temperature — is therefore 

Te = To + 3— — - 
2 g Cp 

in agreement v;ith equation (I6), where b assumes the value 
1 for Pr = 1, according to figure 2. The temperature Tg 
in the boundary layer of the unheated plate follows from 
equation ( 23) J 

T - T - ° f--^ 

^ « 2 g cp v^oy 

The equation, can also be v;ritten in the form 

3 



u, 



u 



2 g c J Uq 



2 g c^ 



u 



u. 



(23) 
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where it expresses the v;ell— known fact that for a gas 
with Pr = 1 in the TDOundary layer the sum of enthalpy 
and motion energy has the same value at every point of 
the unheated plate* 'Xhis applies also, as is known, to 
the turhulent hounary layer (reference 8), 

The ratio of in.oreasQ of temperature in the hound— 
ary layer to that at the wall is 



*a _ ^3 - Jo 
••e " ^e - ^o 



= 1 



-a 



The temperature field for Pr - 1, reproduced in figure 
4, ©an therefore be derived in simple manner from the 
velocity profile (fig. l). 

After insertion of Tq in equation (23) the temper- 
ature field of the heated plate assumes the form 

Uq 



T = T„ - (T„ ~ Tj ^- - 




u, 



e Op 

The temperature gradient at the wall follows at 



( 23a) 




' y=o 



= (Tw - T< 




"because, since the speed at the vrall is zero, the second 
term in the ahovo equation disappears. Reference of the 
heat transfer factor again to the difference hetwoen wall 
temporatui'e and natural temperature affords 



w 



a 



• V/ 



T„ V5yA 



=0 = - ^» [' 



5y 



(S4) 



Jy=o 



\ and suhscguently T|,v, and Cp are given the suh— 
script w, since their values are to "be entered for the 
wall tonporaturo, Pigure 6 shows the velocity profiles 
at the unhoatod plate for three Mach numbers plotted 
against the nondimens i onal distance from the plate 

y y Up , , 

i ~ '^N according to the calculations by Ton Karman 

" "^w 
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ajid Tsicn (reference 3), It is readily apparent that the 
discrepancies 'betwoon the velocity profiles are small, 
especially ab Mach num'bers up t o M = 2. The velocity 
gradient at the wall is only atout 3 percent greater at 
M = 2 than at . M = 0, Even at H = 10 the difference 
is no more than 20 percent. To the extent that the tem- 
perature differences ( T^ - Tq) do not hecomc excessive 
at the heated plate, the velocity profiles do not vary 
percept ihly J hence the heat transfer factor which pre- 
viously has "been computed at all speeds v/ith the velocity 
profile for M = 0 differs, at the most, hy 3 percent 
from the true value of a gas at Pr = 1» At other Pr 
not too far from unity the error is of the same order of 
magnitude , 

The foregoing arguments further indicate the temper- 
ature at v/hich the material values should "be entered in 
the heat transfer equations. Equation (34) already implied 
by subscript w that the thermal conductance must "be 
introduced at the \i;all temperature. Even the differences 
in the velocity profiles at different M are much smaller, 
if, as in figure 6, the plate distance with the kinematic 
viscosity at the wall the temperature is made n end im ens i onal » , 
In figure 3 of the Yon Karman — Tsien report (reference o) 
the velocity profiles are plotted against 

t / ^o , 

% = y V K'^oi kinematic viscosity at temperature in 

undistur"bGd gas flow). The discrepancies between the 
individual profiles are substantially greater, 

Reynolds' formula for the ratio of heat flow Q = 
— X.^( BT/Sy )y._Q onto the plate to its towing resistance 

¥ - n^^( 6-u/by)y^o 

W Uo 

holds true at low speeds and for a material v/ith the 

Prandtl number Pr = 1, At higher Mach numbers the ratio 

% follows from the foregoing at 

Q _ ^w(^e - ^w) 
^ ilw ^0 

or, with consideration to Pr = g Cp T) /X = 1 
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at 



Eeynolds' formula therefore is equally applicable in gas 
dynamics when the natural wall temperature T is suh- 

stituted' in place of the gas temperature Tq. It applies 
to laminar as to turhulent houndary layer. 

Turbulent "bou ndary lay er.- From the technical point 
of view the heat transfer in the turbulent boundayer layer 
is of much greater importance than in the laminar, since 
the latter changes to turbulent, even by completely undis- 
turbed inflow, if the Reynolds number formed with the 
distance from the start of the plate reaches 500,000. This 
occurs a few centimeters from the plate at high speeds- An 
exact theoretical treatment of the flow and temperature 
conditions is in this instance not possible and feasible 
only under certain assumptions concerning the turbulent in- 
terchange. However, it can be stated that the linear super- 
position of the of the temperature fields, as it occurs in 
the laminar boundary layer, remains also in the turbulent 
so long as the material values inclusive of the density can 
be regarded as constant, which, as previously shown, is the 
case for the flat plate up to Mach numbers M = 2. This is 
manifested by the general differential equation for the 
heat flow in a mass particle 



ePc^?^ = ^^ *+r| (diss. fct. (w)) (25) 
•f dt 

(c/dt = substantial differential quotient with respect to 
time, diss. fct. (w) = dissipation function for the veloc- 
ity vector w) . For, even this equation (35) is already 
linear in -s- exactly as equation (3'), which results from 
the • f or ego ing for steady flow with the possible omissions 
in the thin boundary layer. The field of flow is completely 
independent of the temperature field under the assumption 
P = constant, and therefore also the heat developed by 
internal friction: (ri diss. fct. (w)) a quantity defined 
by the velocity field. 

The temperature field, without these sources of heat 
is known from measurements at low speeds. The theory of 
similitude affords the aspect of the temperature field at 
high speeds but in absence of internal friction; namely, 
precisely as in a slow flow with the same value of Ee and 
Pr, leaving for measurement then merely .the temperature 
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field formed at high airspeeds "by internal friction at an 
• unheated plate. And with it the field for heat transfer 
at high speed is obtained by superposition. 

But from the linear superposition of the temperature 
fieldsi it further follows that in laminar as in turbulent 
boundary layer, the characteristic relation 

ITu = f (Re, Pr) (26) 



established for the heat transfer at low speeds, must be 
equally applicable at high speeds, if the heat transfer 
factor is referred to the difference between the wall tem- 
perature and the natural temperature. Inasmuch as the 
heat transfer at low speeds is now fairly well established 
(reference S) the knowledge of the "natural temperature" 
of the plate is sufficient for calculating the heat trans- 
fer at high speeds. According to calculations by Schirokow 
(reference 8) the natural temperature at the plate can be 
indicated. But it would be desirable to check these values 
by experiments. 

Heat transfer on p rofiles.- If the body concerned is 
a profile with considerable thickness rather than a thin 
plate, the flow outside of the boundary layer is also 
affected by it. A velocity field and a pressure field is 
formed about the body. In this event the equation (2) of 
the boundary layer must be enlarged by the pressure gradient - 
Bp/g X on the right-hand side. Then the material values 
(density, vi sco sity , and the thermal conductance) vary on a 
surface normal within the boundary layer solely as a result 
of their temperature relationship. Then this, as on the 
plate, is neglected for not too great Mach numbers, the 
boundary layer equations assume the form 



p Sx 3x dy 



= 0 



(1") 



^1- + 4- 

3x 9y 



s 

Sy^ 



1 dp 
P Bx 



(2«) 




= g c, 



dx 



9y 



(3«) 



where x denotes the coordinate along the surface of the 
body, y that along the surface normal, * the increase 
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of temperature over the valTie in the potential flow at the 
■boundtary --of the -■boundar,y«»l.ay.e,r The density gradient 
9p/Bx and the pressure gradient .9p/3x, as well as the 
density P, the -thermal conductance X» and the viscosity 
T), are given as functions of x hy the flow outside of 
the houudary layer. As a result, the velocity profile can 
"be computed again simply from equations (1") and (2") and 
■because of the linearity of equation (3"). the linear 
superposition of the temperature, fields is applicahle as 
on the plate. This 'implies that the local heet- transfer 
factor is independent of the temperature difference. 
Admittedly, the range o.f validity of the heat transfer 
formulas secured ty tests at low veLocities is smaller 
than a-t the plate even if the heat transfer factor is re- 
ferred to the difference: wall temperature and natural 
temperature, since on approaching sonic velocity the field 
of flow outside of the boundary layer is slightly deformed 
owing to the variable density. On exceeding the sonic 
velocity it varies rather considerably due to the occur- 
rence of compression shocks. With the knowledge of the 
external field of flow, the equations (1") to (3»)f on the 
other hand, can be integrated and so the velocity and tem- 
perature field in the boundary layer solved. The solution 
for the flow in the neighborhood of a stagnation point is 
to be reported shortly. 

For the cited reasons the application of the heat 
transfer factors on the flat plate to the heat exchange 
on airplane wings and fuselagesi as is customary at low 
velocities, requires a certain caution. But, if the areas 
with especially great pressure differences (nose of wing) 
are excluded from the analysis* an appr oximat e • solut ion is 
certainly possible by means of the data for the flat plate 
In conclusion, an estimate is given of the effect of the 
internal friction on the heat transfer at the initially 
mentioned applications in airplane design. On a water 
radiator mounted in the wing of an airplane and swept in 
flight with an air velocity of 200 meters per second, the 
temperature difference of the surface wetted by the water 
relative to air in flight in ground proximity, amounts to 
about 65°, the difference between natural temperature and 
air temperature, according to figures 2 and 3, to 17° C 
in the laminar boundary layer and between 17° and 18° C in 
the turbulent. The controlling difference for the heat 
transfer between wall temperature and natural temperature 
is therefore 47° to 48°i whereas without internal friction 
the total increase of 65° would be free for the heat trans 
fer which would be, therefore, around 40 percent greater. 
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With glycol cooling the effect is atout half as great, 
since corresponding to the higher t emp eratur e of glycol 
the increase of temperature of the wetted surface is atout 
twice as great as with the water radiator. In the cabin 
of a stratosphere airplane without ventilation and without 
heating a temperature would result that is equal to the 
natural temperature- of the surface of the airplane fuse- 
lage, hence at a flying speed of 200 meters per second is 
from 17° to 18° higher than the- outside air temperature. 
The latter is -56.5° at flying heights ahove 11 kilometers 
If the air temperature in the cahin is to "be kept at +15° 
hy additional heating, it need only correspond to a 17° to 
18° smaller temperature difference. The conditions are 
therefore similar to those obtaining on a wing radiator 
with water cooling, and at 200 meters per second flying 
speed the heat transmission through the insulation is re- 
duced by about 40 percent as a result of the air friction. 
As the flying speed increases the effect of the internal 
friction increases very materially. From 380 meters per 
second airspeed on the wat er , radiat or ceases to give off 
heat at sea level, and insulation of the cabin of the 
stratosphere aircraft is no longer necessary. In lower 
flying levels provisions would already have to be made for 
cabin cooling. 



Translation by J. Vanier, 

National Advisory Committee 
for Aeronautics. 
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Pigs. 1,2,3 




Figvire 1.- Temjerat-ore field on a heated plate in flow at low speed 
for different Prandtl ntunhers Pr in laminar boxmdary layer, 
= v/all temperature, Tq = temperature in undisturbed gas flow. 
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H'igure S.- Increase of temperature -^g of an imheated plate in flow at 

high speed (uq) plotted against Pr in laminar boundary layer. 
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Figure 3.- Temperature rise 

introduced by 
adiabatic concentration of 

a flowing gas with velocity 
(^1q) to velocity zero. 
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Figs. 4,5,6 




Figure 4,- Temperature field ^2 °^ unlieated plate in flow at high 
speed at different Pr in laminar boundary layer. 



Figure 5.- 
TemiDerature 
field ^ 
on a heated 
plate in 
flow at 
hish speed 
of"Pr =0.7 
with laminar 
"boundary layer 
in the temper- 
ature field, 
curve a, the 
total heat pro- 
duced in the 
boundary layer 
by internal 
friction is 
transferred to 
the plate. 
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Figure S.- Velocity field (u/uq) in the 
bo^ondary layer of a gas with 
Fr = 1 flowing past a flat plate at 
different Mach nimbers plotted against 
the nondimensional plate distance |. 



